Trehalose is a disaccharide of glucose that is found predominantly in bacteria, fungi (including yeasts), plants, and invertebrates. This natural osmolyte was initially characterized as a storage carbohydrate due to the high intracellular concentrations observed during these organisms' resting and anhydrobiotic states (reviewed in reference 55). Since these states involve the ability to survive stressful conditions, trehalose levels were then linked to thermotolerance, the ability of an organism to survive an otherwise lethal heat shock (reviewed in reference 47) . Trehalose has been shown to stabilize the structures and enzymatic activities of proteins against thermal denaturation in vitro (15, 27, 63) . In addition, trehalose can prevent the aggregation of misfolded proteins, including amyloidogenic proteins (3, 11, 27, 33, 46, 52) , and is being considered for clinical trials for Huntington's disease (53) . Trehalose is more effective than other sugars in protecting proteins against thermal denaturation and aggregation because of its unusual ability to alter the water environment surrounding a protein, stabilizing the protein in its native conformation (1, 30, 34, 48) .
In the yeast Saccharomyces cerevisiae, trehalose levels vary depending on the environment of the cell. The levels are almost undetectable during normal exponential growth. After heat shock, trehalose levels increase rapidly and dramatically, along with the accumulation of heat shock proteins (HSPs) (26, 28) . This rapid increase in trehalose has been attributed to the increase in both the translation of the genes involved in the synthesis of trehalose (TPS1 and TPS2) (4, 41, 58) and the substrates required for trehalose synthesis (1, 61) . In addition, the enzymatic activity of TPS1 increases during the heat shock response (1, 38) . High trehalose levels can stabilize enzymatic activity and can prevent the aggregation of exogenous proteins in vivo during heat shock (45, 46) . Trehalose is degraded in the cytoplasm by neutral trehalase, encoded by the gene NTH1 (26, 31, 38, 40, 59) . The transcription of NTH1 is stress responsive (62) ; however, the activity of Nth1 is greater during recovery from stress (39) , allowing Nth1 to successfully compete with the biosynthetic pathway and reduce intracellular trehalose levels (28) . This degradation of trehalose is critical for recovery from heat shock (59) as very high levels of trehalose can interfere with normal protein activity by stabilizing proteins in nonnative conformations and inhibiting the refolding of these denatured proteins by HSPs (12, 43, 44, 46, 56) . Taken together, these data have led to a temporal model of trehalose function as a cochaperone during the heat shock response: trehalose functions to protect proteins at the initial stages of the heat shock response before HSPs have been fully induced, but trehalose must be degraded in order for the HSPs to fully assist the cell in recovery from heat shock (47) .
In S. cerevisiae, the transcriptional response to heat shock is controlled by two sets of transcription factors, the heat shock transcription factor (Hsf1) and the partially redundant transcription factors Msn2 and Msn4 (Msn2/4). The Msn2/4 transcription factors, which are found only in yeast, bind to stress response elements found in the promoters of many heat shock genes (35) . The activity of Msn2/4 is regulated by nuclear localization and phosphorylation (20, 29) . Hsf1 is part of a family of conserved transcription factors critical to the heat shock response in all eukaryotes (57) . All heat shock transcription factors (HSFs) share a conserved central core, consisting of a DNA-binding domain, a flexible linker, and a trimerization domain, which are essential for binding to heat shock elements (42) . Stress response elements and heat shock elements are found in overlapping sets of promoters, allowing Msn2/4 and Hsf1 to provide distinct contributions to the heat shock response (2, 7).
The mechanism by which Hsf1's transcriptional activity is regulated in response to heat shock is not well understood. In yeast, Hsf1 is localized to the nucleus, with a low level of constitutive transcriptional activity that is necessary for normal cellular processes (50, 60) . Following a mild stress, such as heat shock, Hsf1 becomes transcriptionally active and the expression of HSP mRNA dramatically increases. During a prolonged stress, Hsf1 activity gradually decreases to a new plateau, while removal of stress causes Hsf1 activity to return rapidly to near-constitutive levels. The dramatic changes in Hsf1 activity during heat shock involve several components, including hyperphosphorylation (24, 50) and conformational changes (9, 32) . Hsf1 is also thought to be negatively regulated through interactions with several heat shock proteins, including Hsp82 and members of the Hsp70 family, under both constitutive and heat shock conditions (6, 10, 13, 23, 51) . To date, no specific signal that positively regulates Hsf1 activity during a heat shock has been identified.
We have previously shown that high concentrations of trehalose can increase the structure of the S. cerevisiae Hsf1 C-terminal activation domain in vitro, and this structural change is enhanced by temperature (8) . We hypothesized that the effects of trehalose and elevated temperature on Hsf1's structure in vitro were linked to its dramatic increase in transcriptional activity after heat shock. In this paper, we show that trehalose is required for the robust increase in transcription of heat shock protein genes by Hsf1 during the initial response to heat shock. In addition, a high trehalose level maintains Hsf1 in a highly active state, preventing the decrease in activity of Hsf1 that occurs during a sustained heat shock response. The enhanced transcriptional response does not require the other heat-responsive transcription factors Msn2/4 but is dependent upon heat and Hsf1. Despite the structural enhancement of the C-terminal activation domain (CAD) observed in vitro, the enhanced transcriptional response does not require the presence of the C-terminal activation domain, suggesting that any structural changes in vivo must be more global. In addition, the increase in transcriptional activity is correlated with an increase in Hsf1 phosphorylation. By showing that trehalose modifies the dynamic range of Hsf1's heat-induced transcriptional activity, we have identified a novel and physiologically relevant function of trehalose as a positive regulator of the transcriptional response to heat shock.
MATERIALS AND METHODS
Plasmid construction. The NTH1 and TPS1 open reading frames (ORFs) were generated by PCR amplification from the W303-1A strain by using primers LC13 (GGATCCATGAGTCAAGTTAATACAAGCC) and LC14 (GTCGACCTAT AGTCCATAGAGGTTTC), which add BamHI and SalI restriction sites to the 5Ј and 3Ј ends of the NTH1 ORF, respectively, and primers LC18 (ACTAGTA TGACTACGGATAACGCTAAGGCG) and LC19 (GGATCCTCAGTTTTTG GTGGCAGAGGAGC), which add SpeI and BamHI restriction sites to the 5Ј and 3Ј ends of the TPS1 ORF, respectively. These fragments were then cloned into the yeast expression vector p42XADH (37) , allowing for overexpression of these genes from the promoter fusions P ADH1 -TPS1 and P ADH1 -NTH1. The strains that did not use the overexpressed version of NTH1 or TPS1 were transformed with appropriately marked empty vectors to ensure that all strains within a given experiment had the same auxotrophies and could be grown in the same synthetic media.
Yeast strains and media. All yeast strains were derived from the S. cerevisiae W303-1A (MATa ade2-1 trp1-1 can1-100 leu2, 3-112 his3-11,15 ura3-1) strains YHN963, YHN1172, and YHN1189, which have been described previously (17) . The YHN963 strain contains both the msn2⌬ and msn4⌬ alleles. YHN1172 was derived from YHN963, in which native HSF1 is under a dual tetracycline repression system, allowing for strong repression of HSF1 transcription upon the addition of 20 g/ml doxycycline. YHN1189, also derived from YHN963, contains a 13Myc tag at the 3Ј end of the gene encoding Hsf1 protein. Deletion of the C-terminal end of the Hsf1 protein was done as previously described (14) . Briefly, a URA3-marked version of the hsf1(1-583) allele was used to replace the HSF1 allele from YHN963 to create YHN2018.
Gene knockouts of NTH1 or TPS1 in YHN963, YHN1172, YHN1189, and YHN2018 were performed using drug-resistant-gene disruption cassettes, as previously described (19, 22) . Briefly, primers were used to amplify the hphMX4 cassette from the plasmid pAG32. For the nth1⌬ strains, primers LC9 (ATAAACAAAAA AAGAAAAATTAACAAAAAAAATCAGTAGAGCATAGGCCACTAGTGG ATCTG) and LC10 (TACCTGGAGTATATATATATATATATATATATTATC TCAACAGCTGAAGCTTCGTACGC) were used. For the tps1⌬ strains, primers LC1 (AACTAGGTACTCACATACAGACTTATTAAGACATAGAACTGCAT AGGCCACTAGTGGATCTG) and LC2 (GGACCAGGAATAGACGATCGTC TCATTTGCATCGGGTTCACAGCTGAAGCTTCGTACGC) were used. The various yeast strains were then transformed with the amplified cassettes, and proper integration of the reporter was verified by PCR. The deletion strains were then transformed with the appropriate plasmids, either empty vectors or vectors that overexpressed NTH1 and TPS1, in order to create the set of strains used for experiments (Table 1) .
Because tps1⌬ strains cannot grow with glucose as a carbon source (4, 54, 58) , all strains were grown in synthetic complete media with 2% galactose as a carbon source. Amino acids were supplemented as necessary. Aminoglycosides were used as necessary at concentrations of 200 g/ml Geneticin G418 (Invitrogen), 200 g/ml hygromycin B (Roche), and 100 g/ml CloNAT (Warner). Cells were grown at 30°C to mid-logarithmic phase (optical density at 600 nm of 0.3 to 0.5). Cells were then aliquoted into prewarmed flasks at 40°C for the times indicated in the figures. For experiments concerning recovery from heat shock, the flasks of cells that were allowed to recover from heat shock were transferred to a 30°C water bath for the indicated times. To test for viability, heat-shocked and recovering cells were serially diluted into sterile water, spotted onto agar plates, and grown at 30°C for 2 days.
Determination of trehalose levels. Trehalose was isolated from yeast cells as previously described (62) . Briefly, yeast cells were subjected to heat as described above and were harvested by pelleting. Cells were washed twice in ice-cold water, the cell pellets were resuspended in a volume of ice-cold water equal to the measured wet weight, and a small aliquot was taken for determining cell counts. The remaining cells were placed in a boiling water bath for 20 min. Cells were then spun down at maximum speed in a tabletop microcentrifuge, and 3 l of the supernatant was applied to a Silica Gel 60 plate (Merck). Standard dilutions of trehalose (Sigma) were also applied to the plate. Thin-layer chromatography (TLC) was performed by using a solution of 5:3:2 butanol-ethanol-water. The trehalose was visualized by spraying the plate with a 20% H 2 SO 4 solution, followed by charring treatment in a 95°C oven. The trehalose was then quantitated using spot densitometry on the Fluorchem 8800 cooled-charge-coupleddevice (CCD) detection system (Alpha Innotech). All graphical representations of trehalose levels represent data averaged from at least three independent experiments.
RNA preparation and Northern blot analysis. Total RNA isolation and Northern blot analysis were performed as previously described (17) . Briefly, total RNA was isolated from yeast by using the hot acidic phenol method. RNA samples were quantified, and 10 g of total RNA was run on a 1% agarose denaturing gel containing 18% formaldehyde. The RNA was transferred onto ZetaProbe nylon membranes (Bio-Rad) by capillary action and UV cross-linked. The membranes were probed with biotin-labeled DNA probes generated by the incorporation of the biotin-16-dUTP nucleotide (Pierce) into PCR products from plasmids containing the ORFs HSP12, HSP26, HSP82, HSP104, SSA4, and SSA3. The membranes were then developed using the North2South chemiluminescent detection kit (Pierce), and the signal was quantitated using a Fluorchem 8800 cooled-CCD detection system (Alpha Innotech). All Northern blot analyses were repeated at least three times, with representative gels shown in the figures. Graphical representations of HSP mRNA levels represent data averaged from at least three independent experiments. Phosphorylation analysis. Cells containing Myc-tagged HSF1 were collected by centrifugation after the indicated length of heat shock, frozen in liquid N 2 , and stored at Ϫ70°C until further use. Cell pellets were resuspended in 2ϫ LDS buffer (Invitrogen) containing yeast-specific protease inhibitor cocktail and 1506 CONLIN AND NELSON MOL. CELL. BIOL.
serine/threonine phosphate inhibitor cocktail, with a final concentration of cells at an optical density at 600 nm of 7.5 units per 100 l of buffer. Cells were heated at 100°C for 5 min and then placed into an ice bath for 5 min. Approximately 80 l of glass beads was added, and the samples were vortexed for 10 min at 4°C. Samples were clarified by centrifugation, supernatants were transferred into fresh tubes, and the pellets were treated to a second round of lysis. Proteins were resuspended in 2ϫ LDS buffer (Invitrogen) and were resolved using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto an Immobilon P polyvinylidene difluoride membrane (Millipore). Hsf1 was detected by Western blotting using anti-Myc(9B11) (Cell Signaling) and horseradish peroxidase-conjugated anti-mouse immunoglobulin G (Amersham). Membranes were developed using Immobilon Western chemiluminescent horseradish peroxidase substrate (Millipore). The signal was quantitated by using a Fluorchem 8800 cooled-CCD detection system (Alpha Innotech). All Western blot analyses were repeated at least three times with independent samples; for representative gels, see Fig. 8 . For phosphatase treatment, cell protein extracts were prepared as described above. Equal volumes of sample were then diluted with FA lysis buffer (50 mM HEPES, pH 7.5; 150 mM NaCl; 1 mM EDTA; 1% Triton X-100; 0.1% sodium deoxycholate; 0.1% sodium dodecyl sulfate) containing yeast-specific protease inhibitor cocktail and serine/threonine phosphate inhibitor cocktail. Samples were precleared for 1 h using protein A-agarose beads (Life Technologies, Inc.) at 4°C. Proteins were then incubated with anti-Myc(9B11) antibody for 1.5 h and then with protein A-agarose beads overnight. The beads were washed three times in FA lysis buffer. The beads were then split, with one half incubated with 25 units of calf intestinal alkaline phosphatase (New England Biolabs). Beads were then diluted in 2ϫ LDS sample buffer, and Western blotting was performed as described above.
RESULTS

Manipulation of trehalose levels in vivo.
In yeast, the intracellular concentration of trehalose is quite low during normal conditions and rapidly increases during heat shock and under many other stress-inducing conditions (18) . Trehalose levels are controlled in yeast through regulation of both the activities and the expression of several metabolic enzymes, including Nth1 and Tps1. Nth1 is the neutral trehalase, which is responsible for the degradation of trehalose (31) . Tps1, or trehalose-6-phosphate synthase, is the first enzyme in the major trehalose biosynthetic pathway and is responsible for converting glucose into trehalose-6-phosphate (4). To determine the role of trehalose in HSP mRNA expression and Hsf1 activity in vivo, we first needed to construct strains that synthesized different trehalose levels. We accomplished this by deleting and/or overexpressing NTH1 and TPS1. The heat-inducible transcription of HSP genes is regulated by the Hsf1 and Msn2/4 transcription factors. Since we wanted to focus on the contributions of Hsf1 to HSP mRNA transcription, all strains were derivative of an msn2/4⌬ strain which has previously been shown to have a robust stress response (2, 14) . In addition, we chose a 40°C heat shock because Hsf1 is more highly activated than Msn2/4 at that temperature (41, 49, 50) . After analyzing a number of strains, we chose three strains for further study based on their significant differences in intracellular trehalose concentrations under constitutive and heat shock conditions (Table 1) . These strains included a tps1⌬ strain and two nth1 knockout strains, one containing only the nth1⌬ allele and the other containing the nth1⌬ allele and vectors overexpressing TPS1 and NTH1 from the heterologous ADH1 promoter (e.g., nth1⌬ P ADH1 -TPS1 P ADH1 -NTH1).
The tps1⌬ strain had significantly lower levels of trehalose than the control strain at all time points prior to and during the heat shock (Fig. 1A) . In the control strain, trehalose levels increased after 10 min of heat shock and continued to increase during the heat shock. In contrast, the trehalose levels in the tps1⌬ strain did not increase significantly and never even reached the constitutive level of trehalose found in the control strain. The lower trehalose levels in the tps1⌬ strain were not due to increased cell death during heat shock, as no change in cell viability was observed until after 40 min of heat shock (data not shown). Therefore, this strain will be referred to hereinafter as the low-trehalose (LT) strain. The two nth1 knockout strains had significantly higher levels of trehalose at all time points prior to and during the heat shock (Fig. 1B) . Prior to the heat shock, the constitutive levels of trehalose in both of the nth1 knockout strains were approximately the same as the level of trehalose observed in the control strain after a 60-min heat shock. No differences were observed between the nth1⌬ and nth1⌬ P ADH1 -TPS1 P ADH1 -NTH1strains until after 40 min of heat shock. At these later heat shock times, the nth1⌬ strain had approximately three to four times the trehalose levels of the control strain, while the nth1⌬ P ADH1 -TPS1 P ADH1 -NTH1 strain had approximately two to three times as much trehalose as the control strain. The high levels of trehalose did not appear to affect cell growth and viability (data not shown). The nth1⌬ and nth1⌬ P ADH1 -TPS1 P ADH1 -NTH1 strains will be referred to hereinafter as the veryhigh-trehalose (VHT) and high-trehalose (HT) strains, respectively. To summarize, we have been able to manipulate yeast to synthesize different trehalose levels under both constitutive and heat shock conditions. Low trehalose levels correspond to reduced HSP mRNA levels. Trehalose levels increase during a normal heat shock, along with HSP mRNA and protein levels (21, 26) . To determine if trehalose is necessary for HSP gene transcription, we measured HSP mRNA levels in our LT and control strains throughout the heat shock response (Fig. 2) . The msn2/4⌬ control strain had a typical response to a 40°C heat shock, with low HSP mRNA levels prior to heat shock, a peak level reached after 5 to 20 min, and then a gradual decrease to a new plateau level. The LT strain had a more diminished response. Prior to heat shock, the LT strain had low HSP mRNA levels, similar to the control strain. During the first 5 to 10 min of the heat shock response, the HSP mRNA levels rose slightly in the LT strain but significantly less than in the control strain. As the heat shock progressed, the LT strain continued to have significantly lower levels of HSP mRNAs. Depending on the HSP gene, maximal levels in the LT strain occurred 5 to 10 min earlier and were 1.5-to 6-fold lower than the levels reached in the control strain. In addition, the plateaus were 1.4-to 6.75-fold lower than those in the control strain. Thus, trehalose is critical for the heatinduced expression of HSP mRNAs.
High trehalose levels correspond to elevated HSP mRNA levels. Decreased trehalose levels result in a reduction of HSP gene transcription (Fig. 2) . To determine if increased levels of trehalose can enhance the transcriptional response to heat shock, we compared HSP mRNA levels between the control strain and the two nth1 knockout strains, which had higher trehalose levels (Fig. 3) . Prior to heat shock, both strains with increased trehalose levels had HSP mRNA levels that were on February 20, 2013 by PENN STATE UNIV http://mcb.asm.org/ similar to those of the control strain. Indeed, this held true for the first 5 to 20 min of the heat shock response. Therefore, increased trehalose has no effect on constitutive levels of HSP mRNAs or on the initial response to heat shock. However, as the heat shock progressed, the nth1 knockout strains had significantly higher HSP mRNA levels than the control strain ( Fig. 3 and 4) . While HSP mRNA levels in the control strain reached a plateau or decreased between 5 and 20 min, the levels in the nth1 knockout strains continued to increase, with plateaus occurring from 20 to beyond 150 min. Depending on the HSP gene, the transcript levels in the nth1 knockout strains were elevated between 1.7-and 4.2-fold over those in the control strain at the 1-h time point, with maximal differences in transcript levels of 1.8-to 9.0-fold. Thus, trehalose enhances the prolonged or sustained response to heat shock. Surprisingly, the strain with the very high levels of trehalose did not have the highest levels of HSP mRNAs. For example, levels of HSP26 mRNA after a 1-h heat shock were significantly higher in the HT strain than in the VHT strain (Fig. 3B ). This held true even for prolonged response to stress. When the length of the heat shock was increased to 2.5 h, the HT strain still did not reach a plateau in HSP26 expression levels, even though the VHT strain reached its plateau at 60 min (Fig. 4) . Despite these differences, the VHT strain maintained higher levels of HSP mRNAs than the control strain. These results show that the correlation between trehalose levels and HSP mRNA levels is complex and suggest that maximal HSP transcription occurs within an optimal range of trehalose levels.
Trehalose and heat are required for elevated HSP mRNA levels. Increased trehalose levels enhance the sustained response to heat shock; however, increased levels of trehalose prior to heat treatment have no effect on the constitutive levels of HSP mRNAs (Fig. 3) . Recovery from heat stress is normally associated with a reduction in both HSP mRNA and trehalose levels (21) , but trehalose levels in the HT strain remained high during recovery (Fig. 5A) . To determine if high levels of trehalose alone are sufficient to maintain elevated HSP mRNA levels in the absence of heat, the control and HT strains were exposed to a 1-h heat shock, followed by recovery at a constitutive temperature (30°C) for up to 1.5 h. In both strains, the HSP mRNA levels decreased, beginning at the first recovery time point (Fig. 5B and C) . Despite the increased levels of trehalose in the HT strain, the extents of reduction in HSP mRNA levels were similar in both strains, suggesting that continuous exposure to heat is critical for the trehalose-dependent effect on transcription. These results confirm that both heat and trehalose are required for the elevated levels of HSP mRNA.
Hsf1 is required for trehalose-dependent elevation of HSP mRNA levels. We have shown that trehalose and heat are required for the heat-induced transcription of HSP mRNAs. Since all our strains are msn2/4⌬, we wanted to confirm that the elevated HSP mRNA levels in the nth1 knockout strains require Hsf1. Because HSF1 is an essential gene, we used a tetracycline-regulated dual-expression system to repress HSF1 transcription (5, 17) . In this system, the addition of doxycycline results in a loss of HSF1 mRNA (16) but has no effect on the trehalose levels (data not shown). After a 60-min heat shock, the doxycycline-treated control and HT strains showed little or no heat-induced increase in HSP mRNA levels (Fig. 6 ). In fact, there was no detectable difference in HSP mRNA levels between the control and HT strains. The same held true for the VHT strain (data not shown). These results confirm that the elevated HSP mRNA levels in response to high trehalose levels require the transcriptional activator Hsf1, suggesting that trehalose affects Hsf1's transcriptional activity.
The C-terminal activation domain is not required for trehalose-dependent elevation of HSP mRNA levels. Yeast Hsf1 has two activation domains, located amino and carboxy terminal to the central conserved core. Both activation domains play important roles during the heat shock response, with each activation domain being critical for the expression of different subsets of HSPs (14) . We have shown that trehalose increases both the secondary and tertiary structures of the CAD in vitro (8) . To determine whether the CAD is required for the trehalose-dependent elevation in HSP mRNA levels, we deleted the CAD in our control and HT strains ( Table 1) . Deletion of the CAD did not affect trehalose levels or viability during the 90-min heat shock (data not shown). For all 
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HSPs tested, the HSF⌬CAD strain with high trehalose levels had enhanced HSP mRNA levels compared to the HSF⌬CAD control strain (Fig. 7) , similar to what was seen with the HT and control strains containing the wild-type HSF1 allele (Fig. 3) . This enhanced transcription occurred even for those HSP genes, such as HSP26 and HSP82, which are dependent primarily on the CAD for maximal heat shock induction (14) . These results suggest that the mechanism by which trehalose increases activity is not specific to the C-terminal activation domain.
Trehalose-dependent heat-induced transcription correlates with changes in Hsf1 phosphorylation. Changes in the transcriptional activity of Hsf1 during heat shock are correlated with changes in the phosphorylation state of the protein, with activated Hsf1 being hyperphosphorylated during heat shock (50) . Since trehalose affects the heat-induced transcriptional activity of Hsf1 (Fig. 5) , we determined whether trehalose levels are correlated with changes in Hsf1 modi- fications. Hsf1 hyperphosphorylation can be detected as a decrease in its electrophoretic mobility on a sodium dodecyl sulfate-polyacrylamide gel and can be confirmed by phosphatase treatment, which removes the change in electrophoretic mobility (50) . Not only are changes in phosphorylation associated with the initial response to heat stress, but phosphorylation also increases even more during the sustained heat shock response (49, 50) . We used Western blot analysis to determine the phosphorylation status of Myc-tagged Hsf1 in the control, LT, HT, and VHT strains (Fig. 8) . In all strains, Hsf1 had the same electrophoretic mobility prior to heat shock (compare lanes 1 and 2 in Fig. 8A, C , and E,), showing that constitutive Hsf1 phosphorylation levels were the same in all strains despite differences in intracellular trehalose levels. However, the electrophoretic mobility of heatinduced Hsf1 differed quantitatively and temporally in response to heat shock, depending on the strain and its levels of trehalose. Hsf1 from the LT strain had lower levels of hyperphosphorylation than that from the control strain, and differences were evident after 5 min of heat shock (Fig. 8A) , the same time at which the HSP mRNA levels in these strains differed. The HT and VHT strains showed even greater differences from the control strain in their levels of Hsf1 hyperphosphorylation ( Fig. 8C and E) . The enhanced mobility of Hsf1 from the HT and VHT strains was observed after 40 min of heat shock, the same time at which significant differences in HSP mRNA levels were observed (Fig.  3) . Hsf1 from the VHT strain had a level of mobility between those of Hsf1 proteins from the control and HT strains (Fig. 8G) . The changes in the mobility of Hsf1 in all strains were no longer observed when the lysates were treated with phosphatase (Fig.  8B, D, and F) , confirming that the mobility differences were due to differences in phosphorylation. Correlation between Hsf1 modification and activity was also verified during recovery from heat shock, as both Hsf1 transcriptional activity and phosphorylation decreased during this time ( Fig. 5 and 8H ). Taken together, these data indicate that the trehalose-dependent changes in HSP mRNA levels correlate temporally with changes in Hsf1 phos- 
DISCUSSION
Trehalose is known to play an important role during the heat shock response as a chemical cochaperone. Trehalose increases the thermal stability of proteins, thus preserving enzymatic activity and even preventing native proteins from denaturing during elevated temperatures (27, 30, 46) . It also works alongside HSPs to suppress the aggregation of denatured proteins (27, 46) . In this paper, we show that trehalose plays an additional role: trehalose promotes the transcriptional response during a heat shock by functioning as a positive regulator to modify the dynamic range of Hsf1 activity. As a consequence, trehalose works at the transcriptional level to increase HSP mRNAs. This expands the model in which trehalose cooperates with HSPs to maintain and protect proteins during the response to heat shock (47) .
Trehalose is required for the heat-induced increase of HSP mRNAs in the absence of Msn2/4 ( Fig. 2) . At very low levels of trehalose, HSP mRNA levels increased only nominally within the first 5 min of heat shock and then decreased or reached a plateau. Our results are in general agreement with previous (Fig. 2) . However, a milder 35°C heat shock produced different results, with no difference in Hsp104 or Hsp26 protein levels between the tps1⌬ MSN2/4 strain and the parent MSN2/4 strain (46). We suspect that Msn2/4 was a major contributor to HSP104 and HSP26 expression in this experiment, as Msn2/4 is more highly activated than Hsf1 at a lower heat shock temperature (41, 49, 50) . The role of trehalose in enhancing HSP gene transcription is dependent on the continued presence of heat. At constitutive temperatures, the nth1 knockout strains have significantly increased levels of trehalose compared to the control strain, but the strains all have the same constitutive levels of HSP mRNA (Fig. 3) . During recovery from heat shock, HSP mRNA levels in the HT strain decreased despite the retention of high trehalose levels (Fig. 5) , showing that trehalose alone is not sufficient to maintain an elevated level of HSP expression. If trehalose merely prevented the degradation of HSP mRNA during heat shock, the mRNA levels would not have decreased during recovery while high trehalose levels were maintained. Instead, trehalose increases the normal transcriptional response to heat shock.
The trehalose-dependent increase in HSP gene transcription is mediated through Hsf1. When cells are depleted of Hsf1, the heat-induced HSP mRNA levels are suppressed to the same extent in both the control and HT strains, despite the continued high levels of trehalose in the HT strain (Fig. 6) . In support of Hsf1's dependence on trehalose, the phosphorylation of Hsf1 correlates with the trehalose-dependent changes in HSP mRNA levels (Fig. 8) . However, this dependence is complex, with trehalose requirements varying throughout the heat shock response. A minimum level of trehalose is required for the initial response to heat shock, as the LT strain has a severely reduced level of heat-induced Hsf1 activity (Fig. 2) . The control, HT, and VHT strains all have similar HSP profiles for the first 15 to 20 min, confirming that trehalose levels above a certain threshold are required for the initial response of Hsf1 to heat shock (Fig. 3) . During a prolonged heat shock, a higher threshold of trehalose is necessary to maintain and even amplify Hsf1's activity, but even this level is tightly controlled, as the VHT strain does not have as much Hsf1 activity as the HT strain (Fig. 4) . Previous studies have shown that excess trehalose can interfere with protein activity by stabilizing proteins in nonnative conformations and may interfere with HSP function on unfolded proteins (46) . The trehalose-dependent increase in HSP gene transcription may be diminished when trehalose levels become so high that they interfere with the specific transcriptional process, perhaps by inhibiting the ability of Hsf1 to be hyperphosphorylated. It is unlikely that very high trehalose levels generally inhibit transcription, as ACT1 mRNA and rRNA levels are not affected and total RNA levels per cell volume are the same regardless of trehalose levels (data not shown). Thus, the levels of trehalose serve to modify the dynamic range of Hsf1 activity in specific ways: trehalose is required for maximal Hsf1 activity at the initiation of heat shock, while a higher, yet limited, threshold of trehalose is required for sustained transcriptional activity.
Given that trehalose is known to modify protein structure and activity in vivo, there are three likely models for the mechanism of its action on Hsf1 during heat shock. First, trehalose might act directly on Hsf1 by promoting and maintaining the structure of Hsf1 activation domains in a highly active state and thus increasing HSP mRNA transcription during heat shock. In support of this idea, we have shown that trehalose changes the conformation of the C-terminal activation domain in vitro, with increases in both the secondary and tertiary structures (8) . However, the trehalose-dependent increase in Hsf1 activity does not depend on the presence of this domain (Fig. 7) . In a strain lacking the C-terminal activation domain, all HSP mRNAs are enhanced with high trehalose (Fig. 7) , regardless of whether the heat-induced expression of the HSP is dependent primarily on either the N-or the C-terminal activation domain (14) . Therefore, if trehalose influences Hsf1 structure in vivo, it likely affects the global structure. Any trehalose-induced conformational change might be responsible for the increased phosphorylation of Hsf1, as trehalose could maintain Hsf1 in a structurally accessible state for a kinase or a structurally inaccessible state for a phosphatase. Second, trehalose could act more indirectly on Hsf1 by stabilizing a kinase or destabilizing a phosphatase, altering their activities during a sustained heat shock response. Hsf1 would therefore be maintained in a hyperphosphorylated, and presumably more transcriptionally active, state. In support of this mechanism, trehalose is known to stabilize enzymatic activity at high temperatures (27, 30, 63) and has been correlated with PKC1 activity (36) . Finally, the known role of trehalose as a chemical cochaperone may affect Hsf1 activity by interfering with the feedback regulation of Hsf1 by HSPs. The high levels of trehalose, which are known to prevent refolding of proteins by HSPs, could maintain the high levels of misfolded proteins necessary to continue the stimulation of the heat shock response (47) . By functioning as a positive regulator of Hsf1, trehalose may effectively balance the levels between trehalose and HSPs during the heat shock response. Alternatively, trehalose might protect Hsf1 from specific HSPs that function as negative regulators during the heat shock response and prevent the deactivation of Hsf1 (10, 13, 23, 51) . We are currently investigating all of these possibilities to determine how trehalose promotes Hsf1 activity and enhances the expression of HSPs during the heat shock response.
